Introduction
============

Perineural invasion (PNI) is a pathological process in which tumor cells migrate along the nerves, and this process correlates with poor prognoses in certain epithelial cancers including pancreatic ductal adenocarcinoma (PDA) [@B1]. The reported incidence of PNI in PDAs was varies from 70% to 100%, but the relationship between PNI and the clinicopathological features of PDAs remain controversial [@B2], [@B3]. It has been reported that the incidence of PNI is frequently under-reported due to difficulties in nerve identification, and the use of S-100 immunohistochemical (IHC) staining during pathological diagnosis would help to improve the accuracy of the determination [@B4]-[@B6].

The reasons for PNI in PDAs are not clearly yet but this invasion can be partially explained by the interaction between tumor cells and tumor stromal cells. A variety of nonmalignant stromal cells compose the tumor microenvironment and play pivotal roles in tumor progression, migration and invasion, and PNI. Among these cells, macrophages are the best studied cell type that originates from the circulating monocytes. M1-polarized macrophages are characterized by elevated expression and release of pro-inflammatory factors, such as IL-6 and TNF-α, while M2-polarized macrophages exhibit anti-inflammatory properties and release immunosuppressive cytokines such as IL-10 and TGF-β1 [@B7], [@B8]. Tumor-associated macrophages (TAMs) are typically regarded as M2-macrophages in tumor microenvironments, and these cells influence cancer progression and metastasis [@B9]. Interestingly, the M1 cytokine IL-6 has been confirmed to be a tumor-promoting cytokine, whereas the M2 cytokine IL-10 might be a tumor suppressing factor [@B10]. Furthermore, researchers have found that TAMs induce epithelial mesenchymal transition (EMT) during the initiation and development of in PDAs and that TAMS not only exhibited M2-phenotypes but also exhibit M1-phenotypes [@B11].

Evidence from clinical and experimental studies has demonstrated a strong association between TAM density and cancer cell metastasis in several types of cancer, including PDAs [@B7], [@B12]. In vitro co-culture and in vivo models have shown that endoneurial macrophages induce the perineural invasion of PDA cells, which suggests that tumor cells, nerve cells, and stromal cells are potential elements in the signaling mechanisms underlying PNI. Autocrine and paracrine mechanisms in tumor cells, tumor stroma, and nerves have also been suggested to be involved in this process [@B13], [@B14]. However, the associations between TAMs, PNI and clinicopathological features remain to be elucidated. Enlightened by the progress explicated above, we performed a retrospective, case-control pilot study to examine the following issues: 1) whether S-100 staining improves the detection of PNI in patients undergoing potentially curative resection of PDAs; 2) whether the TAM density is associated with PNI; and 3) whether the incidence or the severity of PNI is associated with any of the clinicopathological features of PDAs.

Materials and methods
=====================

Tissue sample and data collection
---------------------------------

All of the tissue sample and clinical data collection was approved by the Hospital Research Ethics Committee, and consent was obtained from all patients prior to conducting the research. Fifty-nine of untreated PDAs from September 2004 to December 2011 were studied for the presence or absence of PNI. Additionally, the macrophages within the cancerous lesions and around the nerves were also observed.

The numbers of PDA cases that originated within each subsite of the pancreas were as follows: pancreatic head cancers in 40 patients, and pancreatic body/tail cancers in 19 patients. Patients were excluded if they met any of the following conditions: 1) had received neoadjuvant chemoradiotherapy and/or exhibited surgical margin involvement; and 2) no mention of PNI in the original reports. Thirty-seven of the 59 PDA patients were men, and 22 were women; the patients\' ages ranged from 28 to 83 years (mean 59).

The symptoms of abdominal pain and referred lumbar and back pain were reviewed. The degree of preoperative pain was evaluated according to a pain scale (without painkillers). The patients who rated their pain as 0-3 were defined as grade 1, the patients who rated their pain as 4-6 were defined as grade 2, and the patients who rated their pain as above 7 were defined as grade 3. Pathological data, including the cancer stage and grade, lymph node metastasis, and PNI status, were recorded from the original reports via the examination of hematoxylin and eosin (H&E)-stained sections at the time of surgery. Serum CA19-9 levels, C-reactive protein (CRP) levels, LDH levels and preoperative free glucose (Glu) levels were collected before the operations. All of the patients were followed until death or last contact. For statistical purposes, most of the clinicopathological factors, such as serum CA19-9, LDH, Glu, and CRP levels, were further divided into two groups based on the appropriate normal upper limits. The median TAM value was used to divide the cases into two groups. CD68^low^and CD163^low^refer to values equal or below the median values for CD68^+^and CD163^+^ cells, respectively. Similarly CD68^high^ or CD163^high^ refer to values above the medians.

H&E and immunohistochemistry staining
-------------------------------------

Formalin-fixed paraffin-embedded specimens were cut into 10 continuous 6-μm sections and stained with H&E S-100 (DAKO, prediluted), CD68 (DAKO, 1:50 dilution), and CD163 (Abcam, prediluted) IHC according to the manufacturers\' protocols. Two independent and blinded pathologists assessed the PNI statuses and macrophage counts with a multi-headed microscope.

Evaluation
----------

Pathological stage was determined according to the seventh edition of the American Joint Committee on Cancer (AJCC). The pathological grades were divided into well, moderately, and poorly differentiated groups (grades 1, 2, and 3). PNI was defined by the identification of tumor cells within any of the three layers of the nerve sheath or tumor foci outside of the nerve involving ≥ 33% of the nerve\'s circumference [@B15]. The degree of PNI was defined microscopically as follows: ne0, no perineural invasion; ne1, perineural invasion that was difficult to identify with only one to three occurrences of lesions; ne2, perineural invasion that was easy to find and between ne1 and ne3; and ne3, perineural invasion that was even easier to find with more massive occurrences of lesions and extension beyond the border of the main tumor mass [@B14]. We regarded ne1 to ne3 as PNI positive (PNI^+^) and ne0 as PNI negative (PNI^-^). Both CD68- and CD163-positive staining were indicated by brown membranes/cytoplasm. The macrophages around the nerves were counted over the entire slide under a microscope at a magnification of 400×.

Statistical analyses
--------------------

All statistical analyses were performed using the SPSS 17.0 software. The differences between means were examined with two-sample t tests. One-way ANOVAs were used to estimate differences between three or more groups. Survival was calculated using the Kaplan-Meier method. The relationships between PNI and other histopathologic factors were examined using the chi-square test. The probability level of *P* \< 0.05 was considered statistically significant. All reported *P-values*are two-tailed.

Results
=======

PNI in the PDAs: Increased incidence upon re-review of the H&E slides using immunohistochemical enhancement
-----------------------------------------------------------------------------------------------------------

According to the original surgical pathology reports, PNI was found in 32% (19/59) of the cases. When the original surgical specimen sections were re-stained with H&E and reviewed by two pathologists, 56% (33/59) of the cases were determined to contain PNI, and 83% (49/59) of the cases were reported as PNI-positive when the S-100stained slides further examined. Of the 49 positive PNI cases, the numbers of PNI foci ranged from 1 to 20 separate foci with a mean of 4.3 foci. Based on the results from the S-100 IHC enhancement and degrees of PNI that were evaluated according to previously reported criteria [@B15], 55% (27/49) of the cases were ne1, 29% (14/49) of the cases were ne2, and 16% (8/49) of the cases were ne3.

Macrophage infiltration around the nerves in the pathological specimens
-----------------------------------------------------------------------

Macrophages are one of the most common inflammatory cell types involved in the host stromal response to cancer cell invasion [@B16]. To explore the macrophage response to PNI, we evaluated the TAM densities and patterns of macrophage infiltration around the nerves in pathological specimens excised from 59 patients with PDAs. As shown in **Figure [1](#F1){ref-type="fig"},**the macrophages were studied with immunolabeling for the macrophage marker CD68, the M2-type macrophages marker CD163, and S-100 staining of the nerves. **Table [1](#T1){ref-type="table"}**shows the relationship between the macrophages and PNI. The numbers of CD68^+^and CD163^+^ cells within the PDA lesions in the PNI^+^ group were higher than those of the PNI^-^ group (105 ± 3.77*vs.* 86 ± 9.57 for the CD68^+^cells, *P* = 0.04; and 73 ± 4.83 *vs.*46 ± 8.04 for the CD163^+^ cells, *P*= 0.017, respectively.). Although there was no significant relationship between the macrophage counts and PNI grades, infiltrating CD68^+^and CD163^+^ cells were much more commonly found around the nerves that had been invaded by cancer than around those that had not (7.92 ± 0.81 *vs.* 4.47 ± 0.55 CD68^+^ macrophages/nerve,*P* = 0.000, and 4.98 ± 0.62*vs.* 3.03 ± 0.57 CD163^+^ macrophages/nerve, *P* = 0.001, respectively). Notably, the nerves in the PDAs lesion that had not been invaded by cancer cells were surrounded by greater numbers of CD68^+^and CD163^+^ cells than were the nerves in the benign areas of pancreatic tissues (4.47 ± 0.55 *vs.*2.00 ± 0.71 CD68^+^ macrophages/nerve, *P* = 0.000, and 3.03 ± 0.57 *vs.* 0.23 ± 0.17 CD163^+^ macrophages/nerve, *P* = 0.018, respectively, **Figure [2](#F2){ref-type="fig"}**), which indicates that the TAMs enhanced cancer cell invasion along the nerves.

There were no significant correlations of PNI with pathological stage, pathological grade, or lymph node metastasis in the PDAs (data not shown). The relationships between various clinicopathological features and PNI in the PDAs are shown in **Table [2](#T2){ref-type="table"}**. The incidence of PNI was significantly correlated with abdominal pain (*P*= 0.000), and the levels of Glu in the patients with PNI were significantly higher than those in the patients without PNI (8.77 ± 3.80 *vs.* 6.25 ± 1.03, *P*= 0.043). There were no significant relationships of PNI with serum LDH, CRP, or CA199 levels. The results of univariate analyses of the associations of the prognostic factors with OS are shown in **Table [3](#T3){ref-type="table"}**. The incidences of PNI, lymph node metastasis, high serum CA19-9 level, cancers in the body and tail, and advanced pathological stage were associated with poor prognosis. The mean OS of the PNI^-^ group was significantly longer than that of the PNI^+^group (21.20 ± 3.36 vs. 13.12 ± 1.08, *P*= 0.006), but there were no significant differences among the PNI^+^ sub-groups. The mean OSs of the ne1, ne2 and ne3 sub-groups were 14.33 (± 1.41), 10.64 (± 1.65), and 11.38 (± 3.14), respectively (*P*\> 0.05). Our results indicate that the incidence but not the severity of PNI affected the prognoses of PDAs. The OS curves (Kaplan-Meier) plotted according to PNI incidence, lymph node metastasis and macrophage counts are shown in**Figure [3](#F3){ref-type="fig"}.**Among the patients with PNI, lymph node involvement was associated with worse prognosis (P = 0.002), and the CD68^high^and CD163^high^patients had worse prognoses than did the CD68^low^(P = 0.028) and CD163^low^ (P = 0.004) patients.

Discussion
==========

Although some reports have shown 100% PNI in PDAs, others have reported PNI incidences of only 70%, and the values from our original reports were even lower. The accuracy of PNI detection affects further evaluations of PNI and other factors. Therefore, in the present study, we first re-reviewed the slides following routine H&E staining S-100 immunohistochemical enhancement. Our results showed that the incidences of PNI in the original reports were much lower than those that resulted from our re-review of the slides. This difference might be partially attributable to the differences in the sites of the samples; however, the focused nature of this study is the most likely reason for these differences. In the present study, we concentrated solely on the detection of PNI. Our re-review results, particularly those based on the use of the S-100-stained methodology, reveled a greatly increased incidence of PNI. Because there are no concrete guidelines regarding the reporting of PNI in PDAs, we recommend the review of greater numbers of slides and the use of the S-100 staining methodology when PNI evaluation is necessary for malignancies for which PNI status affects prognosis.

Second, we observed macrophages in the cancer lesions using IHC. In vitro experiments have shown that the addition of stromal cells to the co-culture system results in increased neurite outgrowth and cancer cell colony formation [@B13]. These findings suggests that tumor cells, nerve cells, and stromal cells might be the different cellular elements that are involved in PNI and that autocrine and paracrine mechanisms potentially underlie PNI. The associations between TAM densities and poor prognoses in several types of cancer, including PDA, have been intensively studied [@B17]-[@B19]. The results of our previous study revealed that the numbers of macrophages in PDA samples are much greater than the numbers in chronic pancreatitis (unpublished data). In the present study, the number of macrophages around the nerves that had been invaded by cancer was significantly greater than that around the nerves that had not been invaded by cancer. In contrast, macrophages were rarely found around the nerves in the benign tissues. Interestingly, even the nerves in the cancer lesions without cancer cell invasion were also surrounded by macrophages, particularly CD163^+^ macrophages. This phenomenon might be explained by a paracrine loop between tumor cells and macrophages. Earlier studies have demonstrated that tumor cells recruited macrophages by secreting colony-stimulating factor-1 (CSF-1) and the migration and invasion of tumor cells is simultaneously enhanced by macrophage-produced epidermal growth factor (EGF). When tumor cells and macrophages are co-cultured with dorsal root ganglia (DRGs), macrophage recruitment occurs rapidly and is followed by the onset of neural invasion [@B13].

We next evaluated the associations of PNI with pathological stage, pathological grade, lymph node metastasis, and various other clinicopathological features. PNI was correlated with high Glu levels. Although the mechanism by which hyperglycemia promotes PNI in PDAs remains unclear, it is believed that hyperglycemia promotes cancer cell proliferation, migration and interaction with nerves. In contrast, axons and nerves tend to degenerate or demyelinate in hyperglycemic microenvironments, which renders their resistance to cancer cell invasion insufficient [@B20], [@B21].

TAMs are characterized by elevated expressions of various pro- and anti-inflammatory cytokines, such as IL-6, IL-10. Previous studies have shown that IL-6 is essential for breast and pancreatic epithelial cell transformation and for the maintenance of the transformed state potentially due to the activation of the Stat3/Socs3 signal transduction pathway by IL-6 [@B22]-[@B24]. Cytokines, principally IL-6, regulate CRP production, and serum CRP levels have been demonstrated to reflect inner IL-6 activity in several diseases, particularly myeloma [@B25]. Previous studies have shown that serum CRP level is an independent prognostic marker of various diseases including PDAs [@B26]. Our results revealed that the mean OS time of the patients in the CRP level ≤ 5 group was 16.33 (± 2.04) months, while this time was only 12.78 (± 1.57) months in the CRP level \>5 group. Although this difference was not statistically significant (*P*= 0.062), we believe that the inclusion of a greater number of samples would have produced a significant difference. We hypothesized that TAMs play a role in the regulation of serum CRP concentrations via IL-6 production, but we failed to identify a correlation between these two factors. This lack of association might be because IL-6 was excreted primarily by the M1-macrophages, and TAMs are composed of both M1- and M2-macrophages. Some researchers have reported an inverse correlation between macrophage and CRP level in PDAs, which is indicative of likely complexity of the mechanism responsible for the production of CRP in PDAs [@B12].

Finally, the cumulative survival function was examined. PNI-positive status was found to independently and negatively affect OS; additionally lymph node metastasis and high grade TAM infiltration into the cancer lesion might worsen the prognoses of PDAs with PNI.

In conclusion, the present study demonstrated that the TAM density of the PNI^+^ group was higher than that of the PNI^-^ group and that infiltrating TAMs were much more common around the nerves that had been invaded by cancer than the nerves that had not, which suggests that TAMs enhance PNI. Therapies targeting TAMs might represent auxiliary and preventive treatment for PNI in PDA patients.
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![Representative images of nerves with H&E and S-100 immunolabeling staining. The macrophages were studied using immunolabeling with the macrophage marker CD68 and the M2-type macrophage marker CD163. (A), (E) H&E staining of the nerves. (B), (F) S-100 immunohistochemical staining of the nerves. (C), (G) CD68 immunohistochemical staining of the macrophages. (D), (H) CD163 immunohistochemical staining of the macrophages. (A) to (D), Tumor tissue samples with intra-PDA lesions. (E) to (H), Benign pancreatic tissues. (a) to (h) Magnified images of (A) to (H), respectively. PDA, pancreatic ductal adenocarcinoma. N, nerve\'s bundle. Positive staining is shown in brown.](jcav05p0754g001){#F1}

![The macrophage counts around nerves with and without cancer cell infiltration. PDA cell (+), nerves infiltrated by PDAs cells; PDA cell (-), nerves not included in a cancer foci without direct contact between them. The data are shown as the means ± the S.Es (n = 49). \* *P*\< 0.05 compared to PDA cell (-), Ɨ P \< 0.05 compared to benign pancreatic tissues. Abbreviations: PDA, pancreatic ductal adenocarcinoma.](jcav05p0754g002){#F2}

![(A) Overall survival curves (OS) for the PDA patients according to the PNI incidence. The OS periods were significantly shorter for the patients with PNI than for the patients without PNI. Among the PNI^+^ patients, lymph node metastasis (B), CD68 ^high^ (C) and CD163^high^ (D) were associated with poorer prognoses. Abbreviations: PNI, peripheral neural invasion. LN, lymph node metastasis.](jcav05p0754g003){#F3}

###### 

The relationship between macrophage counts and PNI

  PNI         tCD68^+^         tCD163^+^       p CD68^+^    p CD163^+^
  ----------- ---------------- --------------- ------------ ------------
  \-          86 (53-136)      46 (1-87)       /            /
  \+          105 (47-161)     73 (14-142)     /            /
  *P value*   *0.040\**        *0.017\**       */*          */*
  Ne1         *109 (47-161)*   *78 (31-142)*   *9 (2-20)*   *5 (0-12)*
  Ne2         96 (54-130)      *67 (14-115)*   *7 (1-20)*   *5 (0-12)*
  Ne3         112 (80-145)     *67 (44-97)*    *7 (1-12)*   *6 (1-20)*
  *P value*   *0.281*          *0.499*         *0.771*      *0.434*

\*Difference is significant at *P*\< 0.05 level. PNI, peripheral neural invasion. tCD68^+^, CD68^+^ cells intra-PDAs lesion. tCD163^+^, CD163^+^ cells intra-PDAs lesion. pCD68^+^, CD68^+^ cells around nerves. pCD163^+^, CD163^+^ cells around nerves.

###### 

The relationship between multiple clinicopathological features and PNI in PDAs.

  PNI       abdominal pain   LDH     Glu       CA199   CRP                                  
  --------- ---------------- ------- --------- ------- ------- ---- ----- ----- ------ ---- -----
            1                2       3         ≤220    \>220   ≤7   \>7   ≤34   \>34   ≤5   \>5
  Ne 0      6                4       0         9       1       8    2     2     8      5    5
  Ne 1      9                17      1         16      11      14   13    8     19     8    19
  Ne 2      1                7       6         8       6       6    8     2     12     8    6
  Ne 3      0                5       3         5       3       3    5     2     6      3    5
  P value   0.000\*\*        0.341   0.043\*   0.468   0.726                                

\*correlation is significant at *P \< 0.05* level

\*\* correlation is significant at*P \< 0.01* level

PNI, peripheral neural invasion. Ne, intrapancreatic nerve. LDH, Lactate dehydrogenase. Glu, preoperative free glucose. CA19-9, carbohydrate antigen 19-9. CRP, C-reactive protein.

###### 

Univariate Analysis of Prognostic Factors Associated With OS.

  Factor       Categories   n              Median Survival, mo (mean ± SE)   *P value*
  ------------ ------------ -------------- --------------------------------- -------------
  PNI          \-           10             21.20 ± 3.36                      *0.006\*\**
  \+           49           13.12 ± 1.08                                     
  Ne 0         10           21.20 ± 3.36   *0.014\**                         
  Ne 1         27           14.33 ± 1.41                                     
  Ne 2         14           10.64 ± 1.65                                     
  Ne 3         8            11.38 ± 3.14                                     
  LN           \-           26             16.81 ± 1.96                      *0.037\**
  \+           33           12.18 ± 1.14                                     
  CA19-9       ≤ 34         14             18.71 ± 2.36                      *0.034\**
  \>34         45           13.18 ± 1.22                                     
  CRP          ≤ 5          24             16.33 ± 2.04                      *0.062*
  \>5          35           12.78 ± 1.57                                     
  Tumor site   head         40             16.05±1.34                        *0.042\**
  Body/tail    19           11.21±1.84                                       
  Stage        1            3              20±2.78                           *0.002\**
  2            43           15.8±1.28                                        
  3            4            12.0±2.04                                        
  4            9            6.92±1.68                                        

\*correlation is significant at *P \< 0.05* level.

\*\* correlation is significant at *P \< 0.01* level

SE, standard error. OS, overall survival. PNI, peripheral neural invasion. Ne, intrapancreatic nerve. LN, lymph node metastasis. CA19-9, carbohydrate antigen 19-9. CRP, C-reactive protein.
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